The main objective of the present paper is to communicate a study of defects behavior in zirconia-based nanomaterials-pressure-compacted yttria-stabilized zirconia ͑YSZ͒ nanopowders with different contents of Y 2 O 3 and ceramics obtained by sintering the YZS nanopowders. In addition, YZS single crystals were also investigated. Positron annihilation techniques including positron lifetime and coincidence Doppler broadening with a conventional positron source and Doppler broadening experiments on a monoenergetic positron beam were involved in this study as the principal tools. These techniques were supplemented with transmission electron microscopy and x-ray diffraction observations. In order to get better support of the experimental data interpretation, the state-of-art theoretical calculations of positron parameters were performed for the perfect ZrO 2 lattice and selected defect configurations in the YSZ. Theoretical calculations have indicated that neither the oxygen vacancies nor their neutral complexes with substitutional yttrium atoms are capable of positron trapping. On the other hand, the zirconium vacancies are deep positron traps and obviously are responsible for the saturated positron trapping observed in the YSZ single crystals. In the compacted YSZ nanopowders, a majority of positrons is trapped either in the vacancylike defects situated in the negative space-charge layers along grain boundaries ͑ 1 Ϸ 185 ps͒ or in vacancy clusters at intersections of grain boundaries ͑ 2 Ϸ 370 ps͒. The intensity ratio I 2 / I 1 was found to be correlated with the mean grain size d as I 2 / I 1 ϳ d −2 . A small fraction of positrons ͑Ϸ10%͒ form positronium in large pores ͑ 3 Ϸ 2 ns, 4 Ϸ 30 ns͒. A significant grain growth during sintering of the YSZ nanopowders above 1000°C was observed.
I. INTRODUCTION
Zirconia ͑zirconium dioxide, ZrO 2 ͒ exhibits many exceptional features:
1 a high melting point ͑2700°C͒, a low thermal conductivity, a low electronic conductivity, a good oxygen-ion conductivity at elevated temperatures, a high strength, and an enhanced fracture toughness. Zirconia-based materials thus are promising for the use in a large area of industrial applications, for example, refractory materials, functional ceramics, ceramic glazes, oxygen sensors, solid oxide fuel cells, electroceramics, thermal barrier coatings, insulators, machining tools, abrasives and grinding media, etc. Indeed, zirconia belongs to the challenging topics of current solid-state physics and materials research. The favorable properties of ZrO 2 -based materials become especially pronounced if these materials were fabricated of powders of nanoscopic size. Zirconia is a high-dielectric material, therefore, its application as an insulator in future nanoelectronic devices seems to be promising, too.
The three zirconia polymorphs are known to exist in nature or laboratory conditions. 1 Such a polymorphism, however, considerably restricts exploitation of the pure zirconia. This is because the pure ZrO 2 , which is monoclinic at room temperature, transforms to the denser tetragonal phase at Ϸ1200°C temperature. Such a transformation is accompanied with large volume changes and thus leads to a creation of cracks within the ZrO 2 structure. At temperatures higher than Ϸ1380°C, the pure zirconia becomes cubic.
Obviously, a stabilization of high-temperature ZrO 2 phases is necessary to make a full use of advantageous zirconia features. It is well known 1 that the phase stabilization of zirconia can be achieved by an addition of a certain amount of the trivalent yttrium oxide ͑Y 2 O 3 , yttria͒ to form a solid solution in the ZrO 2 lattice. Such a system is termed as the yttria-stabilized zirconia ͑YSZ͒. The cubic phase of YSZ is stable at room temperature when more than Ϸ8 mol. % ͑Ϸ14 wt. %͒ of the Y 2 O 3 stabilizer is added to zirconia. In this case, the YSZ system is referred to as the fully stabilized zirconia. An amount of Ϸ3 mol. % ͑Ϸ5.7 wt. %͒ of the Y 2 O 3 ͑i.e., an amount insufficient to stabilize the cubic phase͒ brings the YSZ structure into the tetragonal phase after heating above 1000°C. This system is only partially stabilized, since the tetragonal structure is metastable and it may thus coexist with the monoclinic phase below 1000°C.
An embedment of Y 2 O 3 into the ZrO 2 host lattice leads to a violation of stoichiometry resulting in a huge amount of native-oxygen vacancies and vacancy-solute atom complexes in the lattice. In the nanostructured YSZ materials, moreover, grain boundaries ͑GBs͒ occupy a significant fraction of material volume. GB's themselves and the defects associated to them ͑vacancylike misfit defects, vacancy clusters at intersections of GB's͒ become thus important open-volume structure elements in YSZ's, too. In addition, voids and pores may occur in the nanopowder YSZ materials and evolve during producing ceramics by sintering. Thus, various types of inherent open-volume structural elements, characterized with a size on a 1-100 nm scale, are expected to coexist in the YSZ nanomaterials. Generally, it is expected that such structures underlie macroscopic properties of materials. A detailed knowledge of the nature and behavior of open-volume de-fects as well as their correlation with materials composition and preparation conditions is thus of a key importance for prospecting YSZ materials of macroscopic properties desired by industry.
The observation of positron annihilation by means of spectroscopic techniques ͑PAS= positron annihilation spectroscopy͒ is an important tool of investigations on nanostructured YSZ materials, since positrons are highly sensitive probes of nanometer-size open-volume defects acting as trapping centers for positrons. 2 Basic knowledge on defects is obtained from the measurements of positron lifetime ͑LT͒ spectra which reflect the local electron density at the positron annihilation site. The lifetimes measured for positrons trapped in a certain defect type are thus sensitive to the defect size, while the respective intensities ͑positron fractions͒ convey information about the defect concentration.
The measurements of Doppler broadening ͑DB͒ of annihilation radiation provide primarily data about the momentum distribution of electrons taking part in annihilation of a positron-electron pair. The one-detector ␥-ray spectrometer allows for a measurement of the Doppler-broadened profile ͑DBP͒ of the annihilation peak around the 511 keV energy. The profile is usually characterized using the shape parameters S ͑the sharpness parameter-the relative area of the central part of the peak reflecting a contribution from the low-momentum electrons͒ and W ͑the wing parameter-the relative contribution from the high-momentum inner-shell electrons͒. For positrons trapped in open-volume defects, the annihilations with the core electrons of neighboring atoms are suppressed and, consequently, the S parameter is relatively enhanced. In this way, an additional knowledge on a role of positron trapping in the material studied is attained. In the coincidence mode of DB ͑CDB͒ experiments, introduced 30 years ago, 3 a two-dimensional energy spectrum in the region of annihilation peak is collected. This twodimensional spectrum is subsequently reduced to the onedimensional DBP. The peak-to-background ratio is improved by 3-4 orders of magnitude in CDB experiments with two HPGe detectors compared to the traditional one-detector arrangement, 4 allowing thus to disclose details of the profile in the high-momentum region. Usually, a lower limit of the high-momentum region, i.e., an electron momentum value at which annihilations with the inner-shell electrons start dominate, can be set as Ϸ10ϫ 10 −3 m 0 c. Since the highmomentum part of DBP arises from the inner-shell electrons of atoms near to the positron annihilation site unique data on the chemical surroundings of defects capable to trap positrons can be acquired by means of CDB technique. In the practice of CDB data analysis, the ratios of DBP with respect to a chosen reference material are produced in order to express the observed effects in a common scale.
In many porous media, a portion of implanted positrons may form positronium ͑Ps͒ in the singlet ͓para-Ps ͑p-Ps͔͒ or triplet ͓ortho-Ps ͑o-Ps͔͒ state, 5 ratio of the para-Ps to ortho-Ps yield being 1:3. The ortho-Ps pick-off annihilation is characterized with lifetimes of one to tens of ns and the ortho-Ps lifetime is a well recognized measure of the pore size. On the other hand, the self-annihilation of the shortlived para-Ps ͑lifetime of 0.125 ps in vacuum͒ leads to a remarkable narrowing of DBP.
An important complementary information on positron trapping comes from positron-diffusion lengths investigated via slow positron implantation spectroscopy ͑SPIS͒ experiments involving variable-energy positron beams. 4 Reliable ab initio calculations of positron response which started their development since the pioneer work 6 often bring a substantial assistance to the interpretation of observed PAS data.
Several PAS investigations of YSZ nanomaterials of different composition ͑including powders as well as sintered ceramics͒ have already been performed, see e.g., Refs. 7-10. Despite of these efforts, there still remains a lack of sufficiently complete and precise data on the binary YSZ materials which precludes unambiguous interpretation of PAS data.
To extend the current knowledge about zirconia-based nanomaterials, we have performed a PAS study focused on several binary YSZ materials of different composition and preparation conditions. As the main objective, the pressurecompacted nanopowders and ceramic materials, obtained from these nanopowders by sintering, were investigated. In order to get deeper insight into the microstructure of so complicated systems like these YSZ nanomaterials are, two kinds of YSZ single crystals were also included in this work. The high-resolution LT and CDB measurements with a conventional 22 Na positron source and the SPIS technique were utilized in the present work. For reference purposes, PAS measurements on relevant well-annealed metals ͑Zr, Y͒ were carried out, too. PAS experiments were supplemented by x-ray diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒ characterizations of YSZ's studied. Extended theoretical calculations of positron characteristics were also done for the defect-free ZrO 2 lattice, vacancy defects and vacancy-solute atom complexes. Preliminary results of our LT and CDB measurements as well as theoretical calculations have already been presented in recent conference proceedings. [11] [12] [13] [14] [15] The subsequent text of the present paper is structured in the following way. In Sec. II, necessary experimental details are given. Section III contains results of experiments and calculations, obtained in the present work. Their discussion and interpretation is included in the section as well. The conclusions ensued from the present work are itemized in Sec. IV.
II. EXPERIMENTAL

A. Samples
Pressure-compacted YSZ nanopowders. Monoclinic pure ZrO 2 ͑Z0Y͒, tetragonal ZrO 2 + 3 mol. % Y 2 O 3 ͑Z3Y͒, and cubic ZrO 2 + 8 mol. % Y 2 O 3 ͑Z8Y͒ pressure-compacted nanopowders were investigated in the present work. The initial nanosize powders of all these systems were prepared by the coprecipitation technique starting from the water solutions of the stoichiometric compositions of ZrO͑NO 3 ͒ and Y 2 ͑NO 3 ͒ 3 salts. The details of preparation procedure were described elsewhere. [16] [17] [18] Chemical purity of initial powders was examined by x-ray fluorescence analysis. The following impurity elements could be detected ͑their amounts were evaluated as oxide content in at. %, the standard deviations are given in parentheses in the units of the last significant digit͒: In the Z0Y powder, the Y 2 O 3 impurity amounted 0.008͑5͒ wt. %. The initial powders were calcinated under temperatures of 600-700°C for 2 h. Then, the powders were uniaxially pressed into tablets of Ϸ10 mm diameter and Ϸ5 mm thickness. To examine possible impact of compaction pressure on microstructure of compacted nanopowders a series of specimens pressed by pressures 250, 500, and 1000 MPa was prepared for each composition studied in the present work.
Sintered YSZ ceramics. The sintering process was investigated on the ZrO 2 + 3 mol. % Y 2 O 3 in this work. The Z3Y tablets, compacted under 500 MPa, were prepared as described above in this section and subjected to sintering at three different temperatures T S = 1000, 1200, and 1350°C, respectively, in air for 2 h. Before measurements, each specimen was dried at 105°C in air for 1 h. PAS measurements on the two YSZ single crystals were carried out in the present work: the tetragonal ZrO 2 + 3 mol. % Y 2 O 3 and the commercially available cubic ZrO 2 + 9 mol. % Y 2 O 3 ͑Crystec/Berlin͒.
Reference pure metals. Well-annealed high-purity Zr and Y metals were used as reference specimens for the determinations of Doppler-broadened profile ratios from the CDB measurements of the present work. These samples were examined by LT measurements and the results are summarized in Table I . It is found by LT that all the specimens exhibit a single LT component. To justify the nature of this component, theoretical calculations of positron lifetimes in the perfect lattice have been performed using the atomic superposition ͑ATSUP͒ method 6 and involving the electron-positron correlation within the Boroński-Nieminen ͑BN͒ approach 19 or gradient-correction ͑GC͒ scheme. 20 The measured positron lifetimes are compared in the table with the calculated ones. Since a reasonable agreement between the measured and calculated values was obtained, the reference specimens can be considered as virtually defect-free materials in which practically all positrons annihilate from the free, delocalized state.
B. PAS apparatus and data acquisition process
Positron lifetime measurements. The positron source of about 1.3 MBq was made of carrier-free 22 Na 2 CO 3 water solution ͑iThemba Laboratories͒ dried and sealed between Ϸ4 m mylarC foils ͑DuPont͒. The LT measurements were carried out using a fast-fast BaF 2 spectrometer similar to that described in Ref. 21 . The LT spectrometer exhibited a time resolution of 160 ps ͓full width at half maximum ͑FWHM͒ for 22 Na͔, Ϸ100 coincidence events per second ͑a peak-tobackground ratio Ϸ10
3 ͒ for the above positron source. At least 10 7 events were accumulated in each LT spectrum. The LT spectra were decomposed into individual discrete components by means of a maximum-likelihood-based procedure. 21 The contribution of positron annihilation in the source and covering foils was measured for a well-annealed pure ␣ iron ͑the bulk lifetime of 107.0Ϯ 0.3 ps͒ and recalculated for a particular material under study according to a method suggested in Ref. 22 .
Coincidence Doppler broadening measurements. The CDB measurements were carried out with a two-detector ͑HPGe͒ apparatus. 23 Using the above positron source, the CDB spectrometer exhibited an energy resolution of 1.0 keV ͑FWHM͒ at 511 keV energy and a coincidence count rate of Ϸ500 s −1 ͑a peak-to-background ratio of Ϸ10 5 ͒. Typically Ϸ10 8 counts were collected in each two-dimensional CDB spectrum. The spectrum was then reduced to the onedimensional DBP cuts. The relative changes in DBP's were described in terms of the ratios of the DBP cuts to that of the pure Zr reference material. The DBP's were also characterized with ordinary shape parameters, S and W, respectively, which express the relative peak areas for the central ͑low-momentum͒ and wing ͑high-momentum͒ parts of the peak. The central region for the S parameter included electron momenta p, for which ͉p͉ Ͻ 2.7ϫ 10 −3 m 0 c, while the region of ͉p͉ Ͼ 7.4ϫ 10 −3 m 0 c was used for the determination of the W parameter.
Slow-positron implantation spectroscopy. The SPIS measurements were performed using a magnetically guided monoenergetic positron beam-the SPONSOR facility. 24 Positron energies were selected so that they covered the region from 30 to 35 keV. The diameter of the beam spot was Ϸ4 mm for all positron energies. Energy spectra of annihilation ␥ rays were measured with a HPGe detector having an efficiency of Ϸ30% and energy resolution ͑FWHM͒ of ͑1.06Ϯ 0.01͒ keV at 511 keV. The dependencies of S and W parameters on the positron energy were measured and then analyzed by means of the VEPFIT code. 25 
III. RESULTS AND DISCUSSION
A. Theoretical calculations
We first give a short overview of the current understanding of vacancylike defects and their clusters in YSZ. Y ions 35 or high-valence impurities, 8, 36 though the V Zr ٣ formation energy is quite high ͑see Ref. 37 for the data on the monoclinic phase͒. As a reference we also studied the defect-free ZrO 2 lattice. The present positron calculations included the positron lifetime , the high-momentum part ͑HMP͒ of the momentum distribution of annihilation photons, as well as the positron binding energy E b to defects, the last being defined as
where E f is the ground-state energy of a free, delocalized positron in the perfect ZrO 2 lattice and E d is the ground-state energy of a positron trapped at a particular defect. We further refer to the review by Puska and Nieminen 38 regarding the theoretical background of positron calculations. Except for an early work 39 we are not aware of any computational positron study of ZrO 2 and related materials.
Nonrelaxed defects
Calculations of and E b were at first performed for the case of a rigid lattice, when atomic relaxations around defects were neglected. The effective potential for positrons was constructed using atomic densities of free atoms within the ATSUP method 6,40 already mentioned above. Electronpositron correlations were taken into account in two ways: ͑i͒ within the BN approach 19 taking into account incomplete positron screening 41 considering a dielectric constant of ϱ = 4.62 and ͑ii͒ within the GC scheme. 20 The charge state of defects is not considered in the present calculations, i.e., studied defects are taken to be neutral. Supercells considered in positron calculations are mostly based on the 4 ϫ 4 ϫ 4 multiplication of the cubic fluorite cell of ZrO 2 in three dimensions, i.e., totally 768 atoms ͑256 Zr and 512 O͒. In some cases smaller supercells were used, as indicated below.
The positron lifetimes and binding energies calculated in the present work for the cubic and tetragonal ZrO 2 phases are collected in Table II . It is seen from the table that differences in positron parameters for both these phases are very small, regardless of using either of approaches BN or GC. For example, positron lifetimes differ by a few picosecond ͑ Ͻ3%͒. Such a behavior is not surprising, because the volume per formula unit in the tetragonal phase amounts to 33 other hand, V Zr ٣ is a deep potential well capable to confine the positron wave function. The concentration of oxygen vacancies is rather high due to a violation of stoichiometry caused by an addition of the Y 2 O 3 stabilizer and as we mentioned above there is an interaction between closely spaced oxygen vacancies, which results in an ordering of these defects. As a first guess, one may consider a superstructure of ordered oxygen vacancies rather than an isolated V O •• . Although an isolated oxygen vacancy is unable to confine a positron, an array of such vacancies increases open volume in the lattice and could thus prolong the lifetime of free positrons. In our calculations, therefore, a superstructure of oxygen vacancies was also considered. It was modeled by removing one oxygen atom from a twelve-atom cell of ZrO 2 applying periodic boundary conditions. Certainly, one can see in Table II that [100]
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FIG. 1. ͑Color online͒ Relaxed defect geometries for various defects calculated using the GGA pseudopotential. The values given are atom displacements in angstrom. A positive value of displacement means an inward relaxation, while a negative sign of displacement stands for an outward relaxation. The letters denote atoms undergoing similar relaxation, cf. Table III.
Relaxed defects
Lattice relaxations around defects in oxides ͑including ZrO 2 ͒ are known to be rather large. 29, 44 Hence, the consideration of a rigid lattice in theoretical calculations may be an oversimplification. To improve ab initio modeling of defects in ZrO 2 and to examine the role of atomic relaxations in it, we employed the Vienna ab initio simulation package ͑the VASP code [45] [46] [47] [48] ͒ to find out relaxed geometries of studied defects. For this purpose, we have minimized the total energy of supercells containing studied defects with respect to atomic/ionic positions. Because of above mentioned very small differences in positron parameters for the tetragonal and cubic rigid lattices, calculations involving ion relaxations were performed for the cubic lattice only. As the cubic ZrO 2 ͑fluorite͒ lattice with a small yttrium content is not, in general, stable with respect to small deviations of oxygen atoms from their ideal positions and tends to transform to the tetragonal lattice, 49 we have attempted to restrict the symmetry considered in relaxations to the cubic one to avoid such a transformation whenever it is possible to do so.
4s, 4p, 5s, and 4d Zr and Y electrons and 2s and 2p O electrons were included in the ab initio VASP pseudopotential calculations of electronic structure and ion relaxations. In the course of calculations, projector augmented-wave pseudopotentials ͑PPs͒ within the local-density and generalized gradient approximations ͑GGA͒ were employed. 50 As the results obtained with both PPs are very similar, only those calculated within GGA approach are shown and discussed in the following text. We also mention that the GGA approach is often preferred in first-principles studies of ZrO 2 and YSZ. 51 In the course of calculations, we used 96 atom supercells ͑2 ϫ 2 ϫ 2 multiplication of the cubic fluorite cell͒ employing 2 ϫ 2 ϫ 2 k-mesh sampling.
We In the case that an ion relaxes in a direction, which differs from the vector connecting the defect and the ion in question, the table shows also the projection of the displacement, d p , onto the connecting line between the defect and the ion in the rigid lattice. The plus sign marks an inward relaxation, while the minus sign denotes an outward relaxation. In the case of V O •• , the largest relaxation can be seen for oxygen NNN atoms which move toward the vacancy along ͗100͘ directions. Such a relaxation can be expected from the attractive Coulomb interaction between the +2-charged oxygen vacancy and oxygen anions. The NN zirconium atoms exhibit a smaller relaxation along ͗111͘ directions, which is also inward, i.e., toward the vacancy. We note that in Ref. 29 apparently larger relaxations were obtained for the vacancies NN's and NNN's using the same supercell ͑i.e., 
Contrary to 2Y Zr
was found to destabilize the cubic structure that was not possible to keep, contrary to other investigated defects. In- In the case of V Zr ٣, the NN oxygen cations exhibit an outward relaxation along ͗111͘ directions, as expected due to the −4 charge of a zirconium vacancy. On the other hand, the NNN zirconium atoms move toward the vacancy along ͗110͘ directions. Two approaches were employed for the calculation of positron parameters for the relaxed defects.
͑i͒ Relaxed defect configurations were treated within the conventional ATSUP scheme, i.e., the effective positron potential was constructed from a superposition of electron densities and Coulomb potentials of free atoms located at relaxed positions. Hence, the charge transfer among atoms and consequently the ionic character of the studied material are neglected in this approach. ͑ii͒ The one-particle Schrödinger equation was solved for a positron in an effective potential obtained from the selfconsistent electron density and Coulomb potential determined for the relaxed defect geometry by VASP. Thus, in this approach the charge transfer is involved.
For the purpose of positron calculations, the relaxed VASP supercells were extended to a total of 768 atoms by adding atoms at sides of VASP supercells. Such added atoms are arranged in the form of the regular ZrO 2 lattice. The positron lifetimes and positron binding energies to defects, calculated within the approaches ͑i͒ and ͑ii͒, respectively, are collected in Tables IV and V. We shall first present the results of the ͑i͒ approach.
Considering relaxations discussed above it can be deduced that the open volume of V O •• was reduced in the relaxed configuration because both NN ͑zirconium͒ and NNN ͑oxy-gen͒ atoms relaxed toward the defect. Thus it can be concluded that V O •• , which was found to be unable of positron trapping in the rigid lattice geometry, is in its relaxed configuration even less attractive for positrons. Indeed, one can see in Table IV When the charge transfer is taken into account ͓approach ͑ii͔͒, the ionicity of the ZnO crystal structure becomes apparent and is manifested through the positron attraction to oxygen anions, which leads to a higher annihilation rate with oxygen electrons and, thereby, to an overall decrease in the positron lifetime, which was indeed observed in the case of the perfect lattice, Table IV . However, 
negatively charged oxygen ions, but because of a more complicated nature of charge redistribution due to selfconsistency leading to a lower electron density inside the vacancy, the resulting positron lifetime is finally moderately prolonged. Positron densities ͉ + ͉ 2 calculated using the approach ͑ii͒ for free positrons in the perfect ZrO 2 lattice and for the defect configurations considered in Table III It should be mentioned that atomic relaxations in this work were performed without a positron trapped inside the defects examined. However, in a real defect, the trapped positron acts on the surrounding atoms by the so-called positroninduced forces 52 that can be evaluated using the HellmanFeynman theorem. 53 Thus, the relaxed geometry of a defect with a trapped positron may differ from that calculated without a positron. Recent calculations 54 for monovacancies in Si, Al, and Cu showed that the effect of positron-induced forces on atomic relaxations may be significant. Thus, it would be useful to include positron-induced forces into theoretical positron calculations for various defects in YSZ. Regarding V Zr ٣, the trapped positron is expected to attract NN oxygen ions. An inward relaxation of these ions would shorten the lifetime of trapped positrons. However, details remain to be determined finally in a future work.
In 
High-momentum parts of momentum distribution
The HMP calculations were performed using ATSUPbased approach described in Refs. 58 and 59. This approach enables to calculate contribution of core electrons, which are almost unaffected by crystal bonding and can be well described by atomic orbitals, to the momentum distribution of annihilation radiation. On the other hand, ATSUP-based approach cannot describe accurately contribution of valence electrons. For this reason only core electrons were included in the calculations of momentum distributions and comparison of calculated HMP curves with experiment is, therefore, meaningful only in the high-momentum region, where annihilations with core electrons dominate. Core electron configurations employed in HMP calculations were as follows.
In the case of Zr ͑Y͒, electrons with a configuration of a Kr atom plus two ͑one͒ 4d ones were considered to act as core electrons. It has to be noted that 4d electrons have actually a "semicore" character, therefore, their attribution to core electrons is not obvious. To select "best" core electron configurations we performed HMP calculations for pure Zr or Y and compared the calculated momentum distributions with experimental CDB profiles measured on pure Zr or Y reference samples. It was found that configurations with 4d orbitals treated as core electrons exhibit better agreement with experiment and describe well the experimental CDB curves in the high-momentum range ͑p Ͼ 10ϫ 10 −3 m 0 c͒. For O, the 1s 2 , 2s 2 , and 2p 2 orbitals were considered as core electrons. The LT, SPIS, and CDB measurements were performed on the ZrO 2 + 9 mol. % Y 2 O 3 single crystal in the present work. The measured LT spectrum exhibited a single component with a lifetime of ͑175Ϯ 1͒ ps. This lifetime is substantially longer than the lifetime of Ϸ133 ps calculated for delocalized positrons, see Sec. III A, which strongly suggests that positron trapping plays a dominant role. On the other hand, the measured lifetime is considerably shorter than the theoretical lifetime of positrons trapped in V Zr ٣, which was shown in Sec. III A to be the only defect capable of positron trapping. Thus, the interpretation of the lifetime component observed in the ZrO 2 + 9 mol. % Y 2 O 3 single crystal is not straightforward.
To gain further information about the positron behavior in the ZrO 2 + 9 mol. % Y 2 O 3 single crystal, we have studied the positron diffusion back to the surface using the SPIS technique. In Fig. 4 , the measured dependence of the S parameter on the positron energy is shown together with a curve fitted by the VEPFIT software 25 assuming a simple single-layer model. A very short positron diffusion length, L + = ͑8.6Ϯ 0.4͒ nm, was obtained from fitting. This result, similar to that obtained for a ZrO 2 cubic single crystal by Grynszpan et al., 60 gives a clear evidence that virtually all positrons in the ZrO 2 + 9 mol. % Y 2 O 3 single crystal annihilate from a trapped state at defects. Consequently, the observed LT component with the lifetime of 175 ps must be attributed to a single type of defects ͑saturated defect trapping͒. An order of magnitude of the defect concentration, C, can be estimated using the relation 
͑2͒
where the free-positron lifetime in the perfect ZrO 2 lattice was taken as B Ϸ 133 ps on the basis of the theoretical calculations of Sec. III A, L + and L B,+ denote the mean positron diffusion lengths measured on the single crystal and a perfect ZrO 2 lattice, respectively. The latter quantity for ZrO 2 is not known and was assumed to equal Ϸ150 nm, which is a typical mean positron diffusion length in similar materials. 61 The symbol denotes the specific positron trapping rate. Here we used Ϸ 10 14 at. s −1 , which is a typical value for monovacancies in most solids. 38 The defect concentration estimated from Eq. ͑2͒ is then C Ϸ 2 at. %. Despite of uncertainties of input quantities, Eq. ͑2͒ implies a very high defect concentration comparable in order of magnitude with the concentration of yttrium atoms in the crystal ͑5.5 at. %͒. This testifies that the defects responsible for positron trapping in the ZrO 2 + 9 mol. % Y 2 O 3 single crystal must be of a structural origin. Hence, LT studies strongly indicate that positrons in ZrO 2 + 9 mol. % Y 2 O 3 single crystal are trapped at defects which contain V Zr ٣. However, the lifetime measured in experiment is shorter that the lifetime calculated for positrons trapped in V Zr ٣, see Table V . This shortening of positron lifetime may be caused by two factors: ͑i͒ inward relaxation of O anions due to attractive Coulomb interaction with positron trapped in vacancy ͑see Sec. III A͒ or ͑ii͒ formation of complexes of V Zr ٣ with certain impurities ͑e.g., hydrogen͒.
Clearly, more investigations are needed to clarify this problem.
The DBP ratio curve measured on the ZrO 2 + 9 mol. % Y 2 O 3 single crystal is plotted in Fig. 5 ͑open circles͒. The curve exhibits a distinct peak around a momentum of p Ϸ 15ϫ 10 −3 m 0 c, which is known to be characteristic of positron annihilations with oxygen in the lattice 62 and represents a contribution of positrons annihilating with 2p oxygen electrons. A rather high contribution of positrons annihilated by oxygen electrons is visible in the figure. It favors positron trapping in a defect the surrounding of which is similar to that of V Zr ٣, since Zr vacancies have eight NN oxygen atoms and a contribution coming from annihilations with oxygen electrons is, therefore, expected to dominate. It should be mentioned that a very similar ratio curve ͑including even the magnitude of the peak at p Ϸ 15ϫ 10 −3 m 0 c͒ was recently measured 9 in CDB experiments on a ZrO 2 + 9.5 mol. % Y 2 O 3 single crystal of a different producer ͑Alfa Aesar, USA͒.
As discussed above in this section, all positrons in the ZrO 2 + 9 mol. % Y 2 O 3 single crystal annihilate from a single state, i.e., trapped in a single type of defect. Hence, the DBP is a superposition of partial profiles, n Zr , n O , and n Y arising from the annihilation of trapped positrons with zirconium, oxygen, and yttrium electrons, respectively,
Here x Zr , x O , and x Y denote the fractions of positrons annihilated by zirconium, oxygen, and yttrium electrons, respectively, in the given type of defects.
Let us first consider the contribution of Y electrons. The DBP ratio curve measured on the well-annealed pure yttrium, see triangles in ͑4͒. This curve representing the "pure" contribution arising from annihilations of positrons with oxygen electrons is plotted in Fig. 5 by a short-dashed line.
On the other hand, for a free positron delocalized in a perfect ZrO 2 lattice the expected probabilities of annihilation with oxygen or zirconium electrons are almost the same, i.e., x O Ϸ 0.5, see Sec. III A. The DBP ratio curve expected for a delocalized positron in a perfect ZrO 2 lattice can be, therefore, easily calculated from O and is also plotted in Fig. 5 by a long-dashed line. It has to be mentioned that the n O curve for a positron in a perfect ZrO 2 may differ slightly from that for a positron trapped in V Zr ٣-like defects. However, these curves differ mainly in the low-momentum range where the contribution from valence electrons dominates. Localized core electron orbitals, however, are not involved in crystal bonds and remain, therefore, basically unaffected by the atomic environment. As far as the high-momentum part is considered, the shape of both curves is similar.
C. Nanocrystalline powders
YSZ nanopowders
XRD and TEM characterizations. The structure of YSZ nanopowders was directly observed by TEM and XRD. In Fig. 6 , TEM images of the calcinated ZrO 2 + 3 mol. % Y 2 O 3 nanopowders ͑prior to compaction͒ are shown as an example. The mean particle size of the YSZ nanopowders is determined from broadening of XRD lines by using the Scherer formula and fell within ͑23Ϯ 2͒, ͑18Ϯ 1͒, and ͑16Ϯ 1͒ nm for ZrO 2 with 0, 3, and 8 mol. % of Y 2 O 3 stabilizer content, respectively. These values agree well with the particle sizes estimated from TEM observations. The XRD spectrum of ZrO 2 + 3 mol. % Y 2 O 3 compacted nanopowder ͑compaction pressure P = 500 MPa͒ is presented in Fig. 7 . The specimen exhibits a tetragonal phase pattern with lattice parameters a = 5.121͑2͒ Å and c = 5.131͑2͒ Å. The c / a ratio for the compacted nanopowder is smaller than that reported for a tetragonal phase polycrystal, 63 but is comparable to that measured on YSZ nanopowders produced by a sol-gel method. 64 It should be mentioned, however, that tetragonal and cubic phases have very similar lattice parameters which makes it difficult to distinguish between them. The tetragonal structure can be identified only from a characteristic splitting of the Bragg profiles from the "c" index planes. However, due to a very small particle size, these split peaks of the tetragonal phase overlap with each other. Therefore, one cannot exclude to have a mixture of tetragonal and cubic phase in the compacted nanopowders.
One can see in Fig. 7 too that not only the position but also the intensity of the reflections measured on the compacted nanopowder agree well with the calculated pattern for the tetragonal ZrO 2 phase. 63 This testifies that grains in the compacted nanopowder are randomly oriented. The grain size ͑i.e., the size of coherently scattering domains͒ determined from integral breath of diffraction profiles using the Scherer formula is ͑17.0Ϯ 0.9͒ nm and corresponds well with the mean particle size determined prior to compaction. This demonstrates that the size of crystallites was not changed during compaction of nanopowders.
LT spectra. LT spectra of compacted nanocrystalline YSZ powders were decomposed into four exponential components ͑except for the para-Ps and the source contributions͒. Lifetimes, i , and relative intensities, I i , of these components for YSZ specimens with various Y 2 O 3 content and compaction pressure, P, are collected in There are, however, remarkable differences between specimens with various Y 2 O 3 content. On the one hand, the observed positron lifetimes are almost independent of the Y 2 O 3 concentration testifying that the open volume related to defects and hence the nature of defects remain unchanged. The lifetime 1 ϳ 185 ps can be attributed to vacancylike defects. The second component with lifetime 2 ϳ 375 ps comes from larger defects with open volume comparable to a few monovacancies. On the other hand, the intensity ratios of the two shorter components, I 2 / I 1 , vary remarkably with the content of Y 2 O 3 stabilizer. A more detailed treatment of this behavior will be given in the next paragraph.
In the lifetime region above 1 ns, the two components arising from annihilation of o-Ps could be resolved. In all cases, the total contribution of Ps annihilation to LT spectra remains below 10%. The principal o-Ps component ͑ 4 Ϸ 30 ns, I 4 Ϸ 6%͒ corresponds to mesopores of ϳ3 nm diameter estimated on the basis of the semiempirical correlation between the o-Ps pick-off lifetime and the cavity size. 65 Compacted nanopowders usually contain some residual porosity. [66] [67] [68] Hence, the principal o-Ps component can be attributed to o-Ps localized in big cavities between crystallites. It was shown that cavities of such a size may appear between primary particles of Ϸ20 nm diameter. 7 The shorter and weaker o-Ps component with lifetime 3 ϳ 2 ns can be attributed to smaller voids with diameter ϳ0.6 nm estimated using the Tao-Eldrup model. 66, 69 These sub-nanometer voids may be situated at intersections of crystallite interfaces. However, one cannot exclude another possibility that size distribution of cavities between grains is rather broad and the shorter o-Ps component is an artifact of the mesopore-size distribution tail extended to smaller pore sizes.
Relation of I 2 / I 1 to grain size. The nanocrystalline structure leads to a significant volume fraction occupied by GB's. Due to a very small grain size ͑much smaller than typical mean positron diffusion lengths in a variety of defect-free materials 61 ͒, positrons thermalized inside grains are expected to reach easily GB's during their lifetime. It is known that GB's in compacted nanocrystalline powders have a strongly disordered structure with a high density of open-volume defects. 70 Hence, one can expect that positrons become trapped and annihilate in these open-volume defects at GB's. It is also known that GB's in an ionic crystal may carry an electric potential resulting from the presence of the excess ions of one sign. 71 This potential is compensated by a spacecharge layer of the opposite sign adjacent to GB's.
The electrical potential of GB's in YSZ's was intensively studied by Guo in Refs. 72 and 73. It was found that GB interfaces in YSZ are positively charged due to segregation of yttrium, which was clearly observed in experiment. [74] [75] [76] The positively charged GB interfaces in YSZ are, therefore, very likely surrounded by the negatively charged compensating layers characterized by depletion of V O •• ͑Ref. 73͒. It is believed 72 that these space-charge layers with V O •• depletion along GB's are responsible for a high electrical resistivity of GB's.
Thus, taking into account the above considerations and despite of yet unclear points, the most probable interpretation of the positron behavior in compacted YSZ nanopowders is that positrons which did not form Ps annihilate almost exclusively at GB's or inside the negatively charged layers associated to GB's from a trapped state at two kinds of defects: ͑i͒ vacancylike defects, which are the open-volume misfit defects present due to the disordered structure of GB's and ͑ii͒ larger point defects ͑vacancy clusters͒ with an open volume comparable to a few monovacancies situated in intersections of two or more GB's. In this respect, it should be mentioned that an amorphous phase was found by highresolution TEM in intersection of GB's in YSZ sintered ceramics. 74 It should also be mentioned that, in general, positively charged regions, such as GB's in YSZ, repulse positrons, but as shown in Refs. 72 and 77, the size of the potential barrier is just a few tenths of eV, which does not prevent positrons from getting trapped in much deeper positron potential wells at the GB core.
The GB interface itself as well as the space-charge layer along a GB is an areal defect with two macroscopic dimensions. The volume density, C L , of these structures is, therefore, proportional to the inverse of the grain size d. Assuming that vacancylike defects are uniformly distributed within these layers with the areal density V , the volume concentration of the vacancylike defects, C V , is
On the other hand, vacancy clusters at intersections of GB's are point defects. In the case of uniform grain size, there is a constant number of these vacancy clusters per grain. Thus, the volume concentration of vacancy clusters at intersections of GB's, C t , is proportional to the number of grains in a unit volume, viz.,
Due to saturated trapping at defects occurring in the studied compacted nanopowders, the ratio of relative intensities I 2 and I 1 equals to the ratio of positron trapping rates to corresponding defects,
where t and V are positron trapping rates to vacancy clusters at intersections of GB's and vacancylike defects, respectively, and t and V are the corresponding positron-specific trapping rates. A combination of Eqs. ͑5͒-͑7͒ gives a simple relation between the ratio of relative intensities and the grain size
The ratio I 2 / I 1 is plotted in Fig. 8 for all the binary YSZ nanopowders studied versus d −2 determined by XRD. Because PAS results for YSZ specimens with the same Y 2 O 3 content but compacted using various pressures are virtually the same, see Table VI , we plot in the figure the arithmetical average of I 2 / I 1 ratios for these specimens to decrease the statistical scattering. In order to increase the range of grain sizes used to examine the correlation of I 2 / I 1 ratio with grain size, two additional specimens are included in Fig. 8 , namely, monoclinic ZrO 2 nanopowder with mean grain size of ͑50Ϯ 5͒ nm and cubic ZrO 2 + 3 mol. % Y 2 O 3 with 0.3 mol. % of Cr 2 O 3 stabilizer added in order to prevent particle clustering during calcination. For the latter sample the mean grain size determined by XRD is ͑12Ϯ 1͒ nm only. One can see in the figure that a dependence of I 2 / I 1 on d −2 can indeed be considered as a linear relation testifying that our interpretation of the positron behavior in the compacted nanopowders is correct. From a linear fit of the Eq. ͑9͒ to the data in Fig. 8 one can derive the value of the proportionality constant k = ͑24Ϯ 4͒ nm.
The constant k in Eq. ͑9͒ depends on the areal density V of vacancylike defects in the grain surface layer and the ratio of the specific trapping rates for vacancylike defects and defects at intersections of GB's. Provided that this constant has been determined for a given class of materials, Eq. ͑9͒ can be used to estimate the mean grain size from LT results, which is certainly useful in many cases. Even if the constant k is not known, Eq. ͑9͒ can be still used to monitor relative changes in the grain size.
CDB results. The DBP ratios measured for the pure ZrO 2 nanopowder and two binary YSZ nanopowders with varying content of the Y 2 O 3 stabilizer are plotted in Fig. 5 ͑P = 500 MPa͒. Similarly to the single-crystal specimen, cf. Sec. III B, a distinct peak centered at p Ϸ 15ϫ 10 −3 m 0 c, which originates from positrons annihilated by oxygen electrons, appears in all these nanopowders. Compared to the single crystal, however, the magnitude of this peak is remarkably lowered. Another difference between the CDB results on compacted nanopowders and the single-crystalline specimen is an enhancement at very low momenta, which is clearly visible in Fig. 5 for the compacted nanopowders. This enhancement results from the p-Ps self-annihilation.
Contrary to Sec. III B, the total DBP, n, is to be expressed here as a superposition of contributions of several positron states existing in the specimen. On the basis of the present LT data, the following four positron states should be considered in compacted nanopowders: positrons trapped in ͑i͒ vacancylike defects and ͑ii͒ in vacancy clusters at the intersections of GB's, positrons that formed ͑iii͒ para-and ͑iv͒ orthoPs. Denoting corresponding partial DBP's as n V , n t , n p-Ps , and n o-Ps , respectively, we can write In what follows, we will be interested in the highmomentum parts of DBP's, i.e., annihilations with highmomentum core electrons, which, contrary to the valence electrons, are only very slightly affected by crystal bonding and thus retain similar configuration as in the free atom orbitals. Therefore, one can assume that the shape of contributions n Zr and n O remains practically independent of the type of defect and partial DBP's can be in the high-momentum region expressed as
where superscript ␣ = V, t, and o-Ps denotes a vacancylike defect, vacancy cluster at the intersection of GB's, or o-Ps, respectively. The symbols x Zr ␣ and x O ␣ , respectively, denote the relative fraction of positrons annihilated by zirconium and oxygen electrons, i.e., relative weight of these two elements and depends, therefore, on the local chemical environment of positron annihilation site. Because of p-Ps self-annihilation, n p-Ps can be fully neglected in the high-momentum region. Hence, the DBP for the pure ZrO 2 compacted nanopowder can be in the high-momentum region ͑p Ͼ 10ϫ 10 −3 m 0 c͒ approximated as
The DBP ratio related to the pure Zr, = n / n Zr , is then given by expression
Here O is the DBP ratio derived from the YSZ single-crystal data using Eq. ͑4͒ of Sec. III B ͑see also Fig. 5͒ for an idealized case when all positrons are annihilated by oxygen electrons. The relative weights x Zr ␣ and x O ␣ can be estimated by theoretical calculations performed in Sec. III A. Hence, it is possible to model the DBP ratio curve by Eq. ͑14͒ using the fractions f t and f Ps obtained in LT measurement and relative weights x Zr ␣ and x O ␣ calculated for each considered defect. The ratio curve constructed using Eq. ͑14͒ can be then directly compared with experimental CDB ratio curve measured on pure ZrO 2 compacted nanopowder in order to test the validity of the interpretation of experimental LT spectrum, i.e., the assignment of resolved components to defects.
The following assumptions were used in modeling of the DBP curve: ͑i͒ the contribution of o-Ps pick-off annihilation to the total DBP is expected to resemble that of bulk Table VI͒ and Ϸ30% of positrons trapped at vacancy aggregates are annihilated by oxygen electrons. Thus, for positrons trapped at vacancy clusters at the intersections of GB's we guess x O t = 0.3 and x Zr t = 0.7. The ratio curve for the pure ZrO 2 compacted nanopowder constructed using Eq. ͑14͒ is plotted in Fig. 5 by a thick solid line. Obviously, for high momenta p Ͼ 8 ϫ 10 −3 m 0 c, the curve determined by Eq. ͑14͒ is in very reasonable agreement with experimental data. We emphasize that no adjustable parameter was used in the modeling and the DBP curve given by Eq. ͑14͒ is completely determined by the fractions f t and f Ps obtained independently from LT measurement and the assumptions ͑i͒-͑iii͒ made above in the preceding paragraph. As an alternative example, an assumption that the chemical surroundings of the vacancy clusters at the intersections of GB's is enriched with oxygen, i.e., it is similar to the environment of V Zr ٣, was examined. Such an assumption, however, lead to a curve which is in a striking disagreement with experimental data.
In the case of compacted ZrO 2 nanopowder with the Y 2 O 3 stabilizer, we do not expect that the yttrium contribution would be detectable in CDB experiments according to the discussion in Sec. III A 3. One can see in Fig. 5 that the DBP ratios for Z3Y and Z8Y compacted nanopowders are positioned below the curve for the pure ZrO 2 nanopowder. This shift occurs due to increased fraction of positrons trapped in vacancy clusters at intersections of GB's. This may be deduced from Table VI where I 2 intensities for stabilized powders are apparently larger ͑by about 15% on the expense of I 1 ͒ than that for the nonstabilized one. The DBP ratios for the YSZ compacted nanopowders were shown to be well approximated using the same assumptions as in the case of the pure ZrO 2 compacted nanopowder, assuming an enhanced fraction f t reflecting enhanced intensity I 2 of positrons trapped in vacancy clusters at intersections of GB's ͑see the thick solid curve in Fig. 5͒ .
The success of the DBP curves calculated using Eq. ͑14͒ to describe experimental points indicates that the assignment of LT components to defects given in this section is consistent with CDB results. From analysis of CDB curves we can draw the following conclusions. ͑i͒ The local chemical environment of vacancylike defects responsible for the shorter component with lifetime 1 in LT spectra, see Table VI , is very similar to that of Zr vacancy, i.e., positrons trapped at these defects are annihilated mainly by oxygen electrons. ͑ii͒ On the other hand, positrons trapped in the vacancy clusters at intersections of GB's are annihilated predominantly by zirconium electrons. ͑iii͒ The decrease in magnitude of the "oxygen peak "located at p Ϸ 15ϫ 10 −3 m 0 c in YSZ compacted nanopowders is caused by increased fraction f t of positrons trapped in vacancy clusters at intersections of GB's due to decreasing grain size.
From the measured DBP's, the ordinary shape parameters, S and W, were calculated and arranged into the S-W plot in Fig. 9 . All the S and W parameters were normalized to the values of S Zr = 0.501390͑9͒ and W Zr = 0.10673͑1͒, respectively, obtained for the well-annealed pure zirconium specimen. The S-W plot in Fig. 9 shows also the points for pure zirconium, pure oxygen ͑this point was obtained from n O = O n Zr ͒, and pure yttrium. The points for compacted YSZ nanopowders are located aside the straight line connecting pure oxygen and pure zirconium points. This is due to the p-Ps contribution which significantly increases the S parameter.
D. Sintered ceramics
LT results. ZrO 2 + 3 mol. % Y 2 O 3 ceramics sintered at three different temperatures, T S = 1000, 1200, and 1350°C, respectively, were investigated in the present work. Figure 10 shows the mean positron lifetime
as a function of sintering temperature T S . A substantial decrease in with sintering temperature gives evidence for a recovery of open-volume defects during sintering. It has to be mentioned that no Ps formation was observed in specimens subjected to sintering. Thus, the residual porosity ͑mesopores or voids͒ has been completely removed by sintering already at 1000°C. This is in concordance with previous PAS investigations of sintered commercial ZrO 2 + 2 mol. % Y 2 O 3 nanopowders 10 which revealed that a disappearance of pores occurs in the range 800-1200°C.
Two components with lifetimes 2 Ϸ 0.185 and 3 Ϸ 0.380 could be resolved in the samples sintered at T S = 1000 and 1200°C. Development of lifetimes and relative intensities of the individual LT components with sintering temperature T S is shown in Figs. 11͑A͒ tively. Obviously the lifetimes 2 and 3 of positrons trapped at defects do not change with sintering temperature. By analogy with compacted nanopowders, we attribute 2 and 3 components to positron trapping in vacancylike defects along GB's and in vacancy clusters at intersections of GB's, respectively. On the other hand, the intensity of positrons trapped in vacancy clusters at intersections of GB's, I 3 , strongly decreases with increasing T S due to grain growth in the specimens. The contribution of positrons trapped in vacancy clusters at intersections of GB's almost vanishes at T S = 1200°C. A further increase in T S to 1350°C leads to the appearance of short-lived free-positron component with lifetime 1 .
The ratio of intensities I 3 / I 2 is plotted in Fig. 12͑A͒ as a function of sintering temperature. A strong decrease in I 3 / I 2 testifies that a significant grain growth takes place in the sintered ceramics. The mean grain size calculated from Eq. ͑9͒ is plotted in Fig. 12͑B͒ . The ceramic sintered at 1000°C exhibits still a nanocrystalline grain size of d ϳ 50 nm. But at higher sintering temperatures a pronounced grain growth occurs. A similar result was obtained in recent CDB investigations of ceramics sintered from a commercial nanopowder. 9 The mean grain size determined in sintered ceramics by XRD and TEM is shown in Fig. 12͑B͒ as well. One can see that there is fairly good agreement between the values determined from LT data and those obtained from XRD and TEM.
In the case of nanocrystalline specimens, the component with lifetime 2 ϳ 185 ps comes exclusively from vacancylike defects situated at space-charge layers along GB's. However, when the grain size approaches the mean positron diffusion length, a contribution of positrons annihilated inside grain becomes important. In analogy with the YSZ single crystal, we expect that sintered ceramic contains a relatively high density of defects. If we assume that these defects are of the same kind as those in an YSZ single crystal, then they should contribute to LT spectrum by a component with lifetime of Ϸ175 ps, see Sec. III B. Because of closely spaced lifetimes, this component can hardly be distinguished from the components coming from the vacancylike defects in space-charge layers along GB's. Thus, the second component with lifetime 2 measured at the ceramic sintered at 1200°C contains also an appreciable contribution from positrons trapped at vacancies inside grains. This causes a slight underestimation of grain size determined for this sintering temperature. At T S = 1350°C positrons annihilate predominantly in the grain interiors and determination of grain size from LT results is not possible anymore.
Note that in the frame of the two-state simple trapping model 78 
͑16͒
equals to the bulk positron lifetime in a defect-free material.
For the ceramics sintered at T S = 1350°C the Eq. ͑16͒ gives f = ͑141Ϯ 5͒ ps, which is in a reasonable agreement with the calculated bulk lifetime in cubic ZrO 2 , see Tables II and  V. CDB results. Figure 13 shows the DBP ratios for the ZrO 2 + 3 mol. % Y 2 O 3 ceramics sintered at various temperatures. It is clear from the figure that the shape of these ratio curves for sintered ceramics differs remarkably from those measured on compacted nanopowders. With increasing sintering temperature the DBP ratios of sintered ceramic approach those for YSZ single crystals. This is clearly due to an increasing grain size and, thereby, diminishing of positron annihilation in the space-charge layers along GB's. A decrease in the curve at low momenta reflects a decreasing concentration of free volume defects ͑especially vacancy clusters at intersections of GB's͒ and also the fact that Ps is not formed in the sintered ceramics. The magnitude of the peak located at p Ϸ 15ϫ 10 −3 m 0 c ͑annihilation with oxygen electrons͒ is raised with increasing T S . This reflects the increasing fraction of positrons trapped in vacancylike defects inside grains on the detriment of positron trapping in vacancy clusters at intersections of GB's.
The DBP profile for YSZ ceramics sintered at T S Ͻ 1350°C, i.e., at temperatures when no free positron component was detected in LT spectra can be expressed as n = ͑1 − f V − f t ͒n S + f V n V + f t n t ,
͑17͒
where n S represents DBP of positrons trapped at defects in the grain interiors. The contributions n V and n t are assumed to be the same as in YSZ compacted nanopowders, see Eq. ͑12͒. The DBP profile n S can be expressed as
The contribution n S arises from positron traps located in grain interiors, i.e., not in the yttrium enriched space-charge layer along GB's. Hence, x Y S is assumed to be very small ͑x Y S Ϸ 0͒. In order to obtain a good agreement with the experimental DBP ratio, it is necessary to assume that positrons trapped inside grains are annihilated predominantly by oxygen electrons ͑x O S Ϸ 0.70͒. This gives a hint that positrons inside grains are trapped in V Zr ٣.
One can see in the S-W plot ͑Fig. 9͒ that the data on sintered ceramics lie also on the line connecting the points for pure zirconium and oxygen. With increasing sintering temperature, the points move toward the single crystals, i.e., the fraction of positrons annihilated by oxygen electrons increases. This is due to grain growth, which reduces the contribution of positrons trapped in vacancy clusters at intersections of GB's.
IV. CONCLUSIONS
Various yttria-stabilized zirconia samples with different content of Y 2 O 3 were investigated in the present work, i.e., single crystals, pressure-compacted nanopowders, and ceramics obtained by sintering the nanopowders. LT and CDB measurements with a conventional 22 Na positron source were carried out. In selected cases, they were supplemented with the SPIS technique. Comprehensive ab initio calculations of positron parameters were performed in order to assist the interpretation of experimental data. The obtained results are itemized below.
͑1͒ Theoretical ab-initio calculations showed that neither positively charged V O •• nor its neutral complexes with yttrium are capable of positron trapping at room temperature. On the other hand, V Zr ٣ is a deep positron trap.
͑2͒ A ZrO 2 + 9 mol. % Y 2 O 3 single crystal exhibits a high density of defects. Positrons trapped at these defects are predominantly annihilated by oxygen electrons. Taking into account positron lifetime and chemical surrounding, the most likely candidates for these defects are zirconium vacancies.
͑3͒ Positrons in binary YSZ compacted nanopowders are trapped by vacancylike defects situated mainly in negative space-charge layers along grain boundaries or in vacancy clusters at intersections of GB's. Moreover, ϳ10% of positrons form Ps in large voids or pores.
͑4͒ It was found that the ratio of relative intensities of positrons trapped in vacancy clusters at intersections of GB's and vacancylike defects is proportional to the inverse of square of grain size, I 2 / I 1 ϳ d −2 . This relation can be used for the determination of grain size from LT data. The mean grain size d determined by the LT method is in a good agreement with the ones obtained either by XRD or by TEM.
͑5͒ Residual porosity in binary YSZ compacted nanopowders was removed by sintering at 1000°C. Significant grain growth takes place during sintering at temperatures above 1000°C. 
